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Building a Net-zero, Clean Energy Future

The U.S. industrial sector
(manufacturing, agriculture, mining, and
construction) accounts for:

(o) of the nation’s

33 /0 primary energy use
(o) of CO,

30 /0 emissions

Anticipated industrial sector energy demand
growth of 30% by 2050 may result in a:

O CO, emissions
17 /0 increase* 1904 c}mgz(jm

Residential

Energy-
Related CO,
Emissions
By Sector

35%

Transportation

*EIA, Annual Energy Outlook 2021 with Projections to 2050.
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https://www.eia.gov/outlooks/archive/aeo21/

Decarbonizing Industry is an Opportunity for America’s Economy

274
235

U.S. manufacturing _
subsector... Refining

Iron and Steel

Mining

Agriculture

Food & Beverage
Construction

Paper Products

Fabricated Metal Products
Transportation Equipment
Plastic and Rubber Products
Cement and Lime
Aluminum

Computers and Electronics

GENERATES i
12% of U.S. GDP Glass

Wood Products
Electrical Equipment

SUPPORTS 0 50 100 150 200 250 300
11.2 million jobs We need to work across all the industrial

subsectors to decrease overall emissions
- -

CONTRIBUTES
$2.79 trillion to
the U.S. Economy

M Manufacturing

12 Nonmanufacturing
Industrial

U.S. Census Bureau Annual Survey of Manufactures & U.S.
Bureau of Economic Analysis data for 2021

While working to
DECREASE

CO, emissions
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https://www.census.gov/data/tables/time-series/econ/asm/2018-2021-asm.html
https://www.bea.gov/news/2022/gross-domestic-product-fourth-quarter-and-year-2021-second-estimate
https://www.bea.gov/news/2022/gross-domestic-product-fourth-quarter-and-year-2021-second-estimate
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Investing in
American Energy

Significant Impacts of the Inflation
Reduction Act and Bipartisan Infrastructure
Law on the U.S. Energy Economy and
Emissions Reductions

M=

The Inflation Reduction
Act of 2022 (IRA) and
Bipartisan Infrastructure
Law of 2021 (BIL)
together represent a
historic investment of
more than $430 billion
toward modernizing
the American energy
system.
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Systemic Barriers to Industrial Decarbonization

Investment scale - In the range of Estimated that

$700 Billion — 60% o

by 2030 will come from

1 . 1 Tr | I I I O n technologies that are not net-

positive decarbonization levers with

just for 8 industrial sector of focus in the IRA : existing IRA tax credits or require
e further R&D to address
o 5
Chemicals Refining lron & Food &
- Steel Beverage Targeted investment for research, development,
_— — and pilot-scale demonstrations is a need and
é — . opportunity for U.S. manufacturing
e e
Cement Pulp & Aluminum Glass
Paper

DOE Pathways to Commercial Liftoff; Industrial Decarbonization https://liftoff.energy.gov/wp-content/uploads/2023/10/LIFTOFF _DOE Industrial-Decarbonization v8.pdf
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https://liftoff.energy.gov/wp-content/uploads/2023/10/LIFTOFF_DOE_Industrial-Decarbonization_v8.pdf

Roles Across Research, Development, Demonstration & Deployment (RDD&D) Continuum

TECHNOLOGY Development & lab-scale Pilot, sub & full-scale Commercial-scale At-scale long term
READINESS prototyping demonstration demonstration commercial operations

LEVEL (TRL) [TRL 4-5] [TRL 6-7] [TRL 8] [TRLY]

RDD&D STEWARD RESEARCH DEVELOPMENT DEMONSTRATION DEPLOYMENT
Office of Technology Transitions (OTT) .

SBIR/STTR
ARPA-E

E OCED
"MESC
) oan Programs Office

. TECHNICAL RISK PROJECT RISK MARKET RISK

L

DOE OFFICE
FUNDING MAP

Applied Offic

)

RISK PROFILES

TECHNOLOGY COMMERCIALIZATION

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | INDUSTRIAL EFFICIENCY & DECARBONIZATION OFFICE



Vision: An efficient and competitive industrial sector with net-
zero greenhouse gas emissions by 2050.

Mission: IEDO leads the development and accelerates the ,
adoption of sustainable technologies that increase efficiency |
and eliminate industrial GHG emissions

To meet the ev u//
Industrial Effic_ ,‘ ‘ = 1]
| Assistance PaEIE/E ;:L::.r_‘ :
| : RN = -
Combined He i ] ‘

set of technol R —

U.S. Department of Energy’s (DOE) Industrial Efficiency and Decarbonization
[F=] Office (IEDO) announced renewed funding for the Rapid Advancement in
Process Intensification Deployment (RAPID) Institute — one of DOE'’s seven

Y ooo
Q:“ ’ 0a0 Manufacturing USA Institutes. The 5-year, $40 million investment will propel

research, development, and demonstrations (RD&D) of advanced process
technologies to enable more resilient, lower cost, and reduced energy and
carbon footprint manufacturing in the process industries. This includes the

ENERGY- AND EMISSIONS-INTENSIVE CROSS_S ECTOR TECH NOLOG|ES production of chemicals and fuels, which account for more than a third of all U.S.

industrial emissions and energy consumption.

INDUSTRIES -
Decarbonizing Process Heat
Chemicals, Iron & Steel, Food & Beverages, Low-Carbon Fuels and Feedstocks Onsite Energy
Cement, Paper & Forest Products Water and Wastewater Better Plants

Energy Efficiency Technologies Energy Management Programs
Industrial Technology Validation
Water Technical Assistance

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | INDUSTRIAL EFFICIENCY & DECARBONIZATION OFFICE


https://www.energy.gov/eere/iedo/chemical-and-petrochemical-manufacturing
https://www.energy.gov/eere/iedo/iron-and-steel-manufacturing
https://www.energy.gov/eere/iedo/food-and-beverage-products
https://www.energy.gov/eere/iedo/cement-and-concrete-manufacturing
https://www.energy.gov/eere/iedo/forest-products
https://www.energy.gov/eere/iedo/decarbonizing-process-heat
https://www.energy.gov/eere/iedo/low-carbon-fuels-feedstocks-and-energy-sources
https://www.energy.gov/eere/iedo/water-and-energy-rdd
https://www.energy.gov/eere/iedo/energy-efficiency-technologies
https://www.energy.gov/eere/iedo/onsite-energy-program
https://www.energy.gov/eere/iedo/better-plants
https://www.energy.gov/eere/iedo/energy-management-programs
https://betterbuildingssolutioncenter.energy.gov/better-plants/industrial-technology-validation-pilot
https://betterbuildingssolutioncenter.energy.gov/special-initiatives/water-savings-network

DOE Industrial Decarbonization Roadmap - Pillars and Sector Focus Areas

Industrial Decarbonization Pillars

L°V|‘éhcea|';b°" Carbon
Industrial Feedstocks, Uct;i?iggil:irc?r’l
Efficiency Electrification and Energy ! N _
Sl e and Storage )
(LCFFES) (CCUS) Chemicals
7,519 TBtu

Decarbonization pillars: inter-related, cross-cutting

strateiies to iursue in iarallel

274 MMT energy-related CO,e

Foul B
Iron & Steel Chemicals Food & Petroleum Cement
Beverage Refining

Annual Energy Outlook 2021 with Projections to 2050,” U.S. Energy Information
Administration, February 3, 2021, https://www.eia.gov/outlooks/archive/aeo21/. See Table
19. Energy-Related Carbon Dioxide Emissions by End Use.
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https://www.eia.gov/outlooks/archive/aeo21/

Manufacturing Energy & Carbon Footprints - Chemicals

Onsite Energy Use: 3,814 TBtu
Onsite Emissions: 242 MMT CO-e

Manufacturing Energy and Carbon Footprint

Sector: Chemicals (NAICS 325)
Onsite Energy, Onsite
2018 Generation

Nonprocess

Process
Energy

2 Process Heating Facility HVAC

I5] mmes -u
N

Distribution of GHG emissions in 2018

" 18
11 Process Cooling Facility Lighting p
and Refrigeration 25 T35 oo TQCGISS
Cogeneration 74 o6 . Emissions Offsite
61.8 T
Lo~ Other Pi u 0 .
1 e-r mce,’:i ses 21% Generation
FuelType 105 Electricity - 27%
:r: ::. 78% Generation EIectro-Ch:-‘Tlcal 3
b (i S
o O e ) Machine Drive Nonprocess
Residual Fuel Olls| < 1% . 14 E
HOL (excl natursl _ 1o, 84 Pumps nergy \
?:-r“::lllu 4% 2%
119 Fans
Fuel Types
66 Compressed Air
2,988 1,355 : .
3814 501 495 700 ) Metarials Handine Process Onsite
N .
325 1,377 205 Materials Processing Energy Generation
2018 B4 MLCS ot e 210} 29%
Energy Greenhouse Gas (GHG) 275 7 Other Systems Last Revised: December 2021 0
(TBtu = Trillion British Emissions Sleam Notes:
Thermal Units) {MMT CO.e = Million Metric Tons Distribution [a15 538 Sector-wide aggregate data for year 2018;
Losses

Carbon Dioxide Equivalent) m!y!:m and fuel type parcentages

= [iatall] Onsite Process

Eciiciy, I
Offsite Combustion Emissions +
m Onsite Combustion Emissions +
Process Emissions

Offsite genaration shown on net basis
(purchases, sales, and transfors
includes onsite non-

* Refers to sales and transfers offsite of
alectricity to utilities and other entities

* Refers to sales and transfers offsite or

Combinec ite Emissions = Onsite o
L Combustion Emissions + purging of surplus

g 3 Losses Process Emissions E sioam
Page 2 of 3

Prepared for the U.S. Department of Energy, Advanced Manufacturing Office by Energetics

Manufacturing Energy and Carbon Footprints: https://www.energy.gov/eere/iedo/manufacturing-energy-and-carbon-footprints-2018-mecs

Onsite emissions represent
63% of overall chemicals sector
emissions
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https://www.energy.gov/eere/iedo/manufacturing-energy-and-carbon-footprints-2018-mecs

Emissions Distributed Across Chemicals Sector

Phosphatic

Artificial and FertiLizers
Synthetic Fibers 1%
d Filaments

Cyclic Crudes
2%

Petrochemicals

Pharmaceuticals and 17% __ Top Emitting Chemicals (estimation)
— 5
Medicines 9 35
3% — 30
Nitrogenous > 2
Fertilizers =
11% 5
Industrial Gases 2 15
6% S 1 I
O
Other Basic T 0 I I l .
Inorganic g & S & & F &
Chemicals Plastic E) Q‘@ Q')&(b C&o Y§§\ Q)@Q %06"0 Q.\&&o Qa&o é&o
13% Ethyl  Materials & &*’&
et ~ Alcohol and &
Synthetic 9% Resins i . )
Rubber ~_ The 74 High Volume Energy Intensive Chemicals
1% Majority between 1 MMT and 0.5 MMT CO, annually

Manufacturing Energy and Carbon Footprints: https://www.energy.gov/eere/iedo/manufacturing-energy-and-carbon-footprints-2018-mecs
Manufacturing Energy Bandwidth Studies: https://www.energy.gov/sites/default/files/2015/08/f26/chemical _bandwidth report.pdf

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | INDUSTRIAL EFFICIENCY & DECARBONIZATION OFFICE


https://www.energy.gov/eere/iedo/manufacturing-energy-and-carbon-footprints-2018-mecs
https://www.energy.gov/sites/default/files/2015/08/f26/chemical_bandwidth_report.pdf

Worldwide Hydrogen Value Chains

— =
B9 MtH, EEANIE Refining
of which <04 Mt H, produced with CCUS . . ;
e of which <01 Mt . produced « Ammonia decarbonization and H,
W e 'y Demand decarbonization strategies must be
Dedicated KM Ammonia for pure )
oroduction § hydrogen considered together
Coal EEEEIGE 2. Transport
M 2 Other * 90% of ammonia’s GHG emissions
(il — ;
Flectricity/ 2 Mtoe are related to the H2 production
- Methanal 1,2
other Y Demand for ste p
tH
48 Mt H “ DR y Nydragen L
By-product [& QU mt'rfeﬂﬂ Wi e Ammonia is the 2nd largest H,
| (the other gases
hydrogen 20 beat market today® and accounts for ~1/4
- of all H, produced*
DRI: Direct Reduced Iron
1. https://www3.weforum.org/docs/WEF NetZero Industry Tracker 2022 Edition.pdf
2. https://royalsociety.org/-/media/policy/projects/green-ammonia/green-ammonia-policy-briefing.pdf
3. https://industrialinnovation.org/wp-content/uploads/2023/05/The-Landscape-of-Clean-Hydrogen.pdf
4, https://www.energy.gov/sites/prod/files/2020/07/f76/USDOE_FE_Hydrogen_Strategy July2020.pdf

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | INDUSTRIAL EFFICIENCY & DECARBONIZATION OFFICE



https://www3.weforum.org/docs/WEF_NetZero_Industry_Tracker_2022_Edition.pdf
https://royalsociety.org/-/media/policy/projects/green-ammonia/green-ammonia-policy-briefing.pdf
https://industrialinnovation.org/wp-content/uploads/2023/05/The-Landscape-of-Clean-Hydrogen.pdf
https://www.energy.gov/sites/prod/files/2020/07/f76/USDOE_FE_Hydrogen_Strategy_July2020.pdf

Ammonia Decarbonization Technology Benchmarking

Estimated Annual Energy (TBtu/year)

e Y 2 S SYAYAYAYSYS

419 439 548 : 554 625 522 718
45 :
40
S 3.2
2 35
= :
8 ?“’Te“f : Decarbonizaton Opportunity MMT CO, /year
E gg e :
E & 3 :
£ 3.1 i 24 25.4 26.8 271 27.8 27.8
(7] H
]
g =8 25.7
n
L
uE.l 20
®
—]
{1
< 15
=]
8
1]
E 10
)
(/] H
= :
Hm L
8 : Ia -
Natural Natural Gas Coal Biomass Coal SMR ATR Electrolysis Methane
Gas SMR ATR Gasification:Gasification with CCS  with CCS  with CCS Pyrolysis
Benchmark :

RSC Policy Briefing, Ammonia: zero-carbon fertilizer, fuel and energy store, 2020, https://royalsociety.org/topics-policy/projects/low-carbon-energy-programme/green-ammonia/
IEA, Ammonia Technology Roadmap, 2021, Table 1.2, https://www.iea.org/reports/ammonia-technology-roadmap

EPA, Inventory of U.S. Greenhouse Gases and Sinks: 1990 — 2019, https://www.epa.gov/sites/default/files/2021-04/documents/us-ghg-inventory-2021-main-text.pdf.

INL, Nuclear-Integrated Ammonia Production Analysis, 2010, https://art.inl.gov/
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https://royalsociety.org/topics-policy/projects/low-carbon-energy-programme/green-ammonia/
https://www.iea.org/reports/ammonia-technology-roadmap
https://www.epa.gov/sites/default/files/2021-04/documents/us-ghg-inventory-2021-main-text.pdf
https://art.inl.gov/NGNP/NEAC%202010/INL_NGNP%20References/TEV-666%20Nuclear-Integrated%20Ammonia%20Prod.pdf

Industrial Decarbonization Barriers: Systems Challenges

Industrial GHGsS

2020 2025 2030 2040 2050  require approaches
at multiple levels:

| -y —
Heat i COy trunk lines \ Pipeline \ Hard-to-abate carbon addressed ~~ _—--—_>"7
integration ‘ ‘" expansion =T iy
28 B g t | CO; use trials \ ° N Scale-up g— /f A Core process
euse a cO utlllzatlon AN o ‘ 1
8 slipstreams \\ 002 b|oconver3|on 2 - — Clean H2 domlnates, /Max p < FaC|||ty
: S '\": New chemist W|th “~____~clean electric -~ Near Zero
&) Conlnect|ons \\ DAC i, crgrbon H2 oo ceanelectit t aste Beyond plant bounds
atclusters -~ {Clean H iron or steal} - _Scale-up - _F . A
e - ransformative _ o
| : \ En:;%yror thermal Storage :,_f__ _ process L /EE or transformative What are the Impllcatlons
Clean H, blending N o TT~— +" technology of:
~ | Scale-up clean Hy| ~ : T--—40n :
_ - . Hybrid membranes R R .  Expanded H
0 Clean H, ammonia . o / Scaled-up use of X . 2
L “‘,v\: Electrochemistry to chemicals .~ recycled content generation & use
™ - o ' ‘
L | Clean H for process h/ea) g pumps ~___ Scale-up . |nn0va’E[I_V9 Lower embodied New thermal energy
&) - T separations .. hon sources & systems
J 1 o T e B .
Biofuels -~ Trialsatclusters  Intermittent power use +~ WHP  SEM  Motor VG - Smart manufacturing,
o , automation, & data
-~ Process heat portfolio Electrolyzer efficiency ,~ Matenals efficiency Smart manufacturing analytics
Industrial Electrification Energy Efficiency - Transition to clean
Landscape of major RD&D investment opportunities for industrial decarbonization between now and 2050. eIeCt”CIty
« Policies

LCFFES = Low Cost Fuels, Feedstocks, and Energy Sources; CCUS = Carbon Capture Utilization and Storage

DOE Industrial Decarbonization Roadmap, Sept. 2022 https://www.energy.gov/sites/default/files/2022-09/Industrial%20Decarbonization%20Roadmap.pdf
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https://www.energy.gov/sites/default/files/2022-09/Industrial%20Decarbonization%20Roadmap.pdf

Industrial Decarbonization Recommendations

Near-Zero GHG Emissions Scenario

(for five representative subsectors*)
500 - | s Roadmap Recommendations

Bl 450 L=== A — f—————pmm————————p————==—==== ' Emissions
f% 457 Reductions
8N 400 - . o . Advan(_:e Earl){—Stage RD&D |
= 350 - . Fuher e |nvest in Multiple Process _Strategles
5 3004 323 879% Reductions * Scale through Demonstrations
£ 250 Hectifation | mvestaents « Address Process Heating
g 2001 e B rriode « Decarbonize Electricity Sources
g 1901 Eneryy * Integrate Solutions
ui 100 - 1 ! | ng;fg_‘“"' e Conduct Modeling and System
q 97 B o, | e Analyses
0 2015 2030 2040 2050 " Anproaches  Engage Communities, Develop a
[ Remaining GHG Emissions ® Emission Reduction by CCUS Thriving Workforce

Emissions Reduction by Industrial Electrification & LCFFES Emissions Reduction by Energy Efficiency
B Emissions Reduction by Alternate Approaches (e.g., Negative Emissions Technologies)

*Subsectors included in Roadmap analysis: Iron & Steel, Chemicals, Food & Beverage, Petroleum Refining, and Cement. (Near zero GHG
scenario, excluding feedstocks.

DOE Industrial Decarbonization Roadmap, Sept. 2022. https://www.energy.gov/eere/doe-industrial-decarbonization-roadmap
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https://www.energy.gov/eere/doe-industrial-decarbonization-roadmap

Thank you

Samuel.Gage@ee.doe.gov

Joe.Cresko@ee.doe.qov
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